The atomic-level synthesis of functional oxides and an understanding of their growth behavior provide opportunities to explore and control the intriguing properties of artificial layered oxide heterostructures [1] [2] [3] . Oxide molecular-beam epitaxy (MBE) has long been known to be a technique uniquely suited to the deposition of layered oxide materials that cannot be stabilized in bulk form [4] [5] [6] , as the shuttered deposition process permits the construction of a material atomic layer by atomic layer. However, the desire for high crystal quality requires sufficient adatom mobility to achieve the 2D growth mode, where each layer is completed before the next layer begins. With the elevated temperatures necessary for this mobility, other kinetic pathways (or other phases) may become competitive, and the resulting structure will be dictated by local thermodynamic and kinetic considerations 7 .
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A longstanding challenge in the oxide thin film community has been the growth of (AO)(ABO 3 ) n Ruddlesden-Popper (RP) compounds 8 , which consist of n unit cells of perovskite ABO 3 alternated with a layer of rocksalt AO along the crystallographic caxis. As an illustration of the utility of oxide MBE for the synthesis of layered phases, Haeni et al. 9 grew the first five members of the (SrO)(SrTiO 3 ) n homologous series (n=1 to 5), and Lee et al. 10 recently grew a structure with n=10. However, only a few members of the series are thermodynamically stable [11] [12] [13] . For this reason, as well as the high sensitivity of the material to the local Sr concentration, the resulting structures often exhibit intergrowth defects [14] [15] [16] . This highlights a clear need to quantitatively understand the interrelationships between the deposition process and naturally driven processes occurring within the growing crystal such that artificially layered structures can be more readily synthesized.
Here, we describe the results of a detailed study conducted on the initial growth of Sr 2 TiO 4 (n=1) on TiO 2 -terminated SrTiO 3 (001) substrates 17 , finding that the initial layers reconstruct through layer exchange into SrTiO 3 (n = ∞). The reaction can be understood from the energetics of different layer configurations determined with computational theory, and insight from these calculations is used to form the Sr 2 TiO 4 phase directly by modification of the initial layering sequence. We then show the generality of the layer exchange phenomenon and demonstrate the utility of our growth strategy by stabilizing a new single-crystalline phase in the lanthanum nickelate system.
We employed a newly constructed oxide MBE system, built from an existing in situ X-ray chamber at Sector 33ID-E of the Advanced Photon Source (APS) 18 . The (SrO)(SrTiO 3 ) n films were grown at 750 °C and in 10
Torr of O 2 using a Sr effusion cell and a Ti-Ball TM source. Immediately following the shuttered deposition of each atomic layer, with the sequence SrO→SrO→TiO 2 →SrO, we measured the scattered intensity under growth conditions along the out-of-plane direction (00L) at both non-resonant (15 keV) and resonant (at the Sr K-edge) X-ray energies. The Xray results are shown in Fig. 1a , while the expected structure is shown in Fig. 1b . It can be readily observed that the intensity profile along the 00L, i.e., the specular crystal truncation rod (CTR), for SrO #3 is virtually identical to that for SrO #2, which corresponds to the structure of a double SrO layer on the SrTiO 3 substrate. If the CTR for SrO #3 represents the same structure, this suggests that the TiO 2 has exchanged places with SrO #2, as depicted by the arrows in Fig. 1b . This interpretation was confirmed by quantitative fitting of the specular CTRs, revealing that the rearrangement happened either during or after growth of the TiO 2 layer such that SrO→SrO→TiO 2 deposition forms the SrO-TiO 2 -SrO structure. As seen from the time-evolution of scattered intensity at the highly surface sensitive antiBragg position (Supplementary information Fig. S1 ), changes are observed only with the Ti shutter open, providing evidence that the exchange occurred during TiO 2 incorporation and is complete by the time 1 monolayer coverage of TiO 2 is reached.
To understand the energetic driving force for this layer rearrangement, we calculated and compared the energies of different stacking sequences using density functional theory (DFT) 19, 20 as well as with the empirical modified Buckingham potential (EP) 21 . We first compared two structures comprised of the 5 TiO 2 -terminated SrTiO 3 substrate with two SrO layers and one TiO 2 layer, as shown in Fig. 2a-b . Relative to the intended SrO-SrO-TiO 2 structure, the SrO-TiO 2 -SrO structure is more stable by 0.6 eV/Ti. This demonstrates that there is a significant thermodynamic driving force to rearrange the layers from SrO-SrO-TiO 2 to a SrOTiO 2 -SrO structure, in agreement with the exchange observed in Fig. 1 . The good agreement between the DFT and EP results shows that the physics captured by the EP, i.e., short-range bonding and electrostatics, dominates the exchange energetics.
We then considered the effect of a third consecutive SrO layer in the stacking sequence, as shown in Fig. 2c . The SrO-SrO-TiO 2 -SrO structure (Fig. 2d ) was determined to be ~1 eV/Ti more stable than SrO-SrO-SrO-TiO 2 and ~0.4 eV/Ti more stable than SrO-TiO 2 -SrO-SrO ( Detailed analyses of the strontium titanate system reveal that the driving force for layer exchange can be understood in terms of the cleavage energies (e.g. energy to pull two surfaces apart) of three relevant interfaces, which are largely independent of surrounding environment. These interfaces are S/S, T/ST, and T/SS, where S, T, and "/" represent the SrO plane, the TiO 2 plane, and the interface, respectively. As elucidated in the Supplementary Information, the energy differences of different stackings can be quantitatively modeled by cleavage energy differences To illustrate how our insight can provide a pathway to stabilize new phases and to confirm our predictions, we conducted a set of in situ growth experiments for (LaO)(LaNiO 3 ) n similar to those for the strontium titanates. We used a growth temperature of 600 °C and employed ozone as the oxidant. As predicted in Fig. 3c . One is not limited to simply layered oxides and can use this approach to explore wholly new oxide archetypes that have yet to be synthesized as thin film heterostructures. We find that the insights garnered when in situ X-ray results are fed back to computational theory to be of considerable importance as they allow the rapid formulation of growth strategies that may be critical to the material, even for deposition techniques as precise as MBE. This close integration with computational theory is an aspect of synthesis science that will become more essential as we create new materials by design and rapidly seek pathways to stabilize new phases.
METHODS
Films were grown in the in-situ X-ray chamber at Sector 33ID-E of the Advanced Photon Source (APS) using molecular beam epitaxy. The (SrO)(SrTiO 3 ) n films were grown at 750 °C and in 10
Torr of O 2 using a Sr effusion cell and a Ti-Ball TM source. Grow rates ranged from 1-3 minutes per monolayer depending on the species.
We performed ab initio calculations using density functional theory (DFT), as coded in the Vienna ab initio simulation package (VASP) 19, 20 . We chose the PBEsol 
The modified Buckingham potential and MD simulations
The modified Buckingham potential used in structural optimizations and in MD runs has the form
where r ij is the distance between atom i and atom j. The values of the parameters for strontium titanate (STO) are listed in Table 1 . The goal of the MD simulations we performed is to shed light on the mechanism of the SrO and TiO 2 layer exchange. The size of the simulation cell in the lateral (x and y) directions, which are replicated using periodic boundary conditions, is 
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where the CE A/B and CE A/C are the energy costs of cleaving D to A and B, and D to A and C, respectively. Simply subtracting these two equations shows that total energy difference E B -E C equals the cleavage energy difference CE A/B -CE A/C . A careful check shows that the local stacking around the cleavage interface of A/B is TiO 2 /SrOTiO 2 (T/ST for short) at m=1 or TiO 2 /SrOSrO (T/SS for short) at m≥2
and that of A/C is SrO/SrO (S/S for short). 
Wherein, , , and are, respectively, 1.34, 2.17 and 2.62 eV according to Fig. S7b . We apply the model to the cases in Fig. 3a and obtain good agreement with the DFT results as shown in Fig. S8 . 
